Abstract
Introduction
Measurement of cyanide within plant tissue is important for evaluation of phytoremediation of 3 cyanide in soil and groundwater (Ebbs et al., 2003) and also for assessing routes of cyanide 4 toxicity to both plant and animals. For a phytoremediation system, cyanide must be taken up 5 from solution and assimilated within plant tissue as plant tissue containing cyanide, particularly 6 in the free form, can be toxic if consumed (ATSDR, 1997; Köster, 2001 ). The fate of the 7 cyanide and the potential risks associated with the presence of cyanide compounds within the 8 plant tissue must be considered. Therefore, the removal of solution cyanide together with 9 evidence of assimilation within plant tissue determines remediation effectiveness. 10 Cyanide occurs naturally in plant tissue due to the breakdown of cyanogenic glycosides 11 (Selmar et al., 1990) as well as cyanide release during ethylene synthesis (Yip and Yang, 1988) , 12 but can also occur due to uptake from contaminated water and soil. Previous methods for 13 cyanide determination in plant tissue have utilized various solvent extraction techniques with an 14 emphasis on the determination of cyanide release potential, primarily from the breakdown of 15 cyanogenic glycosides, rather than the concentration of the individual chemical forms (e.g. free 16 cyanide, strongly-complexed cyanide) present. 17 Some studies of plant tissue analysis for cyanide have employed extraction methods 18 similar to the conventional distillation (APHA/AWWA/WEF, 1998) and microdiffusion (ASTM, 19 1998) analytical techniques with colorimetric determination. Howe and Noble (1985) digested 20 plant tissue samples directly in a distillation apparatus with MgCl2 and NaH2PO4 prior to color 21 development using chloramine-T and pyridine barbituric acid reagent. Tittle et al. (1990) 22 performed an acid-digest on tissue directly within a cyanide distillation unit followed by analysis 23 4 of the liberated free cyanide colorimetrically and by gas chromatography after bromination. with free cyanide concentration and release potential, primarily from cyanogenic glycosides. As 13 such, preparation of samples is directed towards purifying the cyanogenic glycoside rather than 14 removing cyanide analytical interferences. The only study to address total cyanide concentration, 15 rather than simply free cyanide, did not investigate cyanide recovery or potential analytical 16 interferences (Howe and Noble, 1985) . 17 Breakdown of the plant tissue in a plant sample and the analytical interference issues that 18 can result are of concern for cyanide analysis. Yet, disruption of the tissue is necessary to bring 19 about complete release of plant cyanide content to solution. Typical methods for disrupting the 20 membranes separating the cellular compartments within plant tissues involve a three day 21 methanol/chloroform (2:1 v/v) extraction (Cohen et al., 1998; Hart et al., 1998 extracts have involved the use of picrate paper (Jacobs et al., 1996) according to the Feigl-Anger 13 method (Aikman et al., 1996) , the use of NaOH-soaked paper (Grossman and Kwiatkowski, 14 1995), or the bromination of cyanide trapped in sodium hydroxide solution (Mizutani et al., 15 1987; Tittle et al., 1990) . Picrate paper is calibrated based upon the color change of the paper 16 while cyanide trapped on NaOH-soaked paper is extracted and analyzed via gas chromatography.
17
Analysis is performed in a closed flask to capture released cyanide gas. Recovery was only 16% 18 for the NaOH-soaked paper (Grossman and Kwiatkowski, 1995) from 27 to 10% (p<0.0185) (Bushey, 2003) . Statistical analysis was assessed using a t-test to 4 determine p, the probability of the results being the same. Hexane and 2-octanol were examined using 2.5 M NaOH/Hexane and 2.5 M NaOH/2- The results from inclusion of methanol in the solvent matrix are given in Table I Results for analysis of 2.5 M NaOH extracts of homogenized (i.e., ground under liquid nitrogen), 6 unexposed willow root, stem, and leaf tissue are given in Table III for samples grown for a 7 hydroponic willow uptake study (Ebbs et al., 2003) . Tissue extractions and analysis yielded low (Table I) . Chloroform extraction without tissue resulted in 14 complete loss of free cyanide (Table I ). All of the organic solvents interfered with the 15 spectrophotometric analysis of cyanide after distillation when added in addition to NaOH. The (Table I) .
21
Previous studies on plant extraction for cyanide suggested that adding organic solvents to 2. extracted with 2.5 M NaOH were used to examine whether to filter tissue samples prior to 10 distillation and also to determine cyanide recovery during the extraction procedure (Table II) . given here). Therefore, the adjusted extraction recovery was 89% for free-cyanide-exposed plant 21 tissue. These recoveries are significantly higher than those reported for some alternative cyanide 22 analytical methods using treated papers (Grossman and Kwiatkowski, 1995) 
